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Whgdethe mapping ofhealth data is not new
to epidemiologists, advances in geographic
information system (GIS) technology pro-
vide new opportunities for epidemiologists
to study associations between environmen-
tal exposures and the spatial distribution of
disease. In addition to the conduct of eco-
logic studies in which environmental expo-
sure information is compared with disease
rates across regions at the group level, GIS
technology can be used to estimate expo-
sures to individuals in cross-sectional,
case-control, and cohort studies. Often the
most difficult, costly, and time-consuming
aspect of environmental health studies is
obtaining accurate exposure information. A
GIS can combine information contained in
existing databases and/or data that can be
computerized to estimate exposure levels,
for example, to agricultural pesticides, to
individuals residing or working within
defined geographic regions. The computer-
ized estimates of exposure, together with
information on the location and occurrence
of disease among individuals within the
regions, can then be used to suggest and
support hypotheses regarlding environmen-
tal causes ofdisease. So far, only a few stud-
ies incorporating GIS technology have been
published in the epidemiologic literature.
This is partly due to a lack offamiliarity
with the technology and partly due tO limi-
tations in its use forepidemiologic research.
The purpose ofthis paper isto provide
an overview of some ofthe capabilities and
limitations of GIS technology with regard
to its use in environmental epidemiologic
research; to illustrate, through practical
examples, the use ofseveral functions of a
GIS including automated address match-
ing, distance functions, buffer analysis,
spatial query, and polygon overlay; to dis-
cuss methods and limitations of address
geocoding, often central to the use of a
GIS in environmental epidemiologic
research; and to emphasize the need for
collaborative efforts between epidemiolo-
gists, biostatisticians, environmental scien-
tists, GIS specialists, and medical geogra-
phers to realize the full potential of GIS
technology in future epidemiologic studies.
What is a Geographic
Information System (GIS)?
Essentially, a GIS is a powerful computer
mapping and analysis technology that
allows large quantities ofinformation to be
viewed and analyzed within a geographic
context. According to Antenucci et al. (1),
a GIS ". . . links nongraphic attributes or
geographically referenced data with graphic
map features to allowawide range ofinfor-
mation processing and displayoperations as
well as map production, analysis and mod-
elling." These techniques allow the health
researcher to go beyond the simple map-
ping of disease rates within predetermined
political boundaries (e.g., county, state).
GISs are used to input, store, manage,
analyze, and display data. Many GIS
experts believe that a true GIS differs from
desktop mappingsystems in that it contains
a data structure that stores information
about topology, i.e., the relationships among
geographic features (2. Certain methods of
spatial analysis require a topological data
structure, which allows concepts such as
adjacency and connectivity, easily visible to
humans, to be recognized bya GIS.
Data storage formats. Data can be
stored in a GIS two ways: in raster format
and in vector format. The raster format
stores geographic data or graphic images as
a matrix of evenly divided grid cells that
contain values for an attribute. The position
of the cell in the matrix provides informa-
tion about location. Additional information
about attributes is stored within each grid
cell. Raster data can be scanned from maps
or obtained from photographs or remote
sensing space satellites. Satellite images and
digital photos are examples of digital data
stored in raster format.
Vector data consist ofstrings ofcoordi-
nates and usually are represented in a GIS
by three types of features: points, lines, or
polygons (areas). Apoint is represented by a
single x,y coordinate in a Cartesian coordi-
nate system that is usually geographically
referenced, i.e., tied to real locations on the
earth's surface. Lines are typically represent-
ed by the x,y coordinates oftheir beginning
and ending points, with intermediate points
or vertices defining the shape and curvature
of the line. Areas are represented as a
boundary made up ofa series ofconnecting
line segments.
GISdatabase development. A GIS data-
base consists of any number of map layers
that are referenced to geographic coordi-
nates (e.g., latitude/longitude, State Plane
Coordinate System) as well as attributes
that can be linked to map layers by a com-
mon identifier, or geocode (Fig. 1).
Examples of the latter include county-level
cancer rates that can be linked to a county
boundary map by county codes, demo-
graphic characteristics provided by the U.S.
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Bureau ofthe Census that can be linked to
census tracts by geographic codes, or envi-
ronmental monitoring data that can be
linked to specific sites by known geograph-
ic coordinates.
The primary bottleneck in the imple-
mentation ofmost GISs is the development
ofGIS databases (or map layers), which can
account for as much as 70% of the time
and resources necessary to conduct the
research (3). Fortunately, many geographic
data layers are available through public or
private agencies at a reasonable cost.
Examples include the U.S. Bureau of the
Census TIGER (Top6logically Integrated
Geographic Encoding and Referencing sys-
tem) line files, which contain map layers for
census geography, street networks, hydrolo-
gy, railroads, and other man-made features,
and the U.S. Environmental Protection
Agency's (EPA) Toxic Release Inventory
(TRI) Sites file, which provides information
on chemicals released into various environ-
mental media (e.g., soil, water).
Although computerized databases may
exist, they may not be of the appropriate
precision, recency, or completeness neces-
sary to conduct specific research, often hav-
ing been constructed for other purposes.
To be useful in an epidemiologic study, a
database must contain spatial coordinates
as well as temporal (e.g., dates ofexposure
assessment) and quantitative information
(e.g., level ofexposure) regarding the mea-
sured factor. After examining 26 environ-
mental databases in California, Frisch et al.
(4) found that most databases had one or
two ofthese types ofinformation, but few
had all three. Similarly, in evaluating the
utility of routinely collected health data
(such as vaccination information) in
England for research purposes, Twigg (5)
discovered that data were often not of the
appropriate spatial detail and that spatial
detail varied bysource ofinformation.
While the availability of computerized
data can reduce the amount of time and
money needed for data acquisition,
researchers can develop their own databases.
Data can be entered into the computerwith
a digitizer (an instrument that allows a user
to trace geographic features with a cursor)
or with a scanner. Geographic coordinates
for specific locations (e.g., a residence) can
also be captured with a handheld global
positioning system (GPS) receiver, which
interprets signals from three or more satel-
lites that are part of a worldwide position-
ing and navigation system in orbit 1,500
miles above the earth. Depending on the
receiver, the use ofand distance from GPS
base stations, and the degree ofpostprocess-
ing, positional accuracy can range from sev-
eral hundred meters to less than 3 cm (6).
Figure 1. How a geographic information system (GIS) links geographic and nongeographic data. A poly-
gon ID (from a GIS county boundary file) identifies the highlighted North Carolina county and links it to a
file containing a set of geographic coordinates (hidden from the user), which describe the polygon.
Geocodes [the Federal Information Processing System (FIPS) and the county name] link the polygon to
nongeographic information (e.g., birth or death rates).
GIS database integration. One of the
most powerful features ofa GIS is the abili-
ty to overlay several map layers. When
multiple geographic data are stored in a
common coordinate system, many map
layers can be viewed simultaneously, allow-
ing the user to look through the set of
maps in order to understand better the spa-
tial relationships among the features ofthe
different layers. Figure 2 illustrates how a
composite map could be created from three
overlays, one showing residences and the
groundwater wells that serve them, a sec-
ond showing water-bearing zones, and a
third showing those water-bearing zones
contaminated from a nearby landfill (7.
This composite exposure map could be
used to assign the residences a likely level
of exposure (e.g., high, medium, low) to
the contaminated water. The exposure
information, combined with knowledge of
health/disease status (e.g., immune compe-
tence as indicated by immunoglobulin lev-
els) by residential location could be includ-
ed in a traditional epidemiologic study to
investigate associations between exposure
to contaminated water and disease risk.
Data on potential confounding or modify-
ing factors (e.g., age, race, gender) could
also be incorporated into data analyses.
Information about the characteristics of
each map layer, often referred to as meta-
data, is critical when combining layers
from various data sources. For example,
data sources may not be comparable with
respect to 1) the geographic unit to which
the data apply (e.g., block, city, county); 2)
the scale at which the data were collected
(e.g., 1 inch = 2,000 ft or200,000 ft); 3) the
time frame to which the data apply; 4) the
accuracy and completeness of the data; or
5) the format in which the data were com-
puterized. Although the final map may
look accurate (because it contains clearly
recognizable boundaries and landmarks),
the combination of incompatible data lay-
ers could result in erroneous attribute
information (e.g., exposure levels) within
thevarious boundaries (8).
Even when data layers are comparable,
there are limits to the interpretations one
can make regarding overlaid map layers.
Often researchers want to make individual
level inferences from group level (ecologic)
data. The underlying assumption is that
the values within map layers reflect the
characteristics of the individuals to whom
they apply. With regard to exposure levels,
however, small pockets of high exposure
could be missed ifthe data were aggregated
to a large region. Thus, the map layers
might reflect the exposure characteristics of
some people but not all, or they might
reflect averagevalues.
In ecologic studies, where both the
exposure and outcome are measured at the
group level, biased interpretations of an
exposure/disease association across regions
can result at the group level and at the indi-
vidual level if potential confounders and
modifiers of the association are not appro-
priately taken into consideration in the
analyses (9). The failure of aggregate level
associations to reflect individual level associ-
ations is known as ecological bias (10).
Greenland and Robins (9) have presented
examples ofways inwhich bias can occur in
ecologic studies, and Morgenstern (11) has
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Figure 2. Composite map generated by a geographic information system (GIS) from three map databases.
Reproduced from Stallones et al. (7) wIth permission from Environmental Research.
Credit J.R. Nuckols/Carol Wassell
discussed methods ofincorporating individ-
ual level and group level data into statistical
models to try to minimize bias. Biases can
also be reduced by analyzing data from
smaller geographic units and by stratifying
on subgroupswith similar disease risk (12.
Spatial autocorrelation should beconsid-
ered in the statistical analysis ofspatial data
(13) because units that are located close
together in space tend to influence each
other and often have similar characteristics;
thisviolates the assumption ofindependence
in statistical analyses. In fact, a variety of
spatial statistical analysis techniques are
available, which can be used to control for
potential confounding factors and increase
the power to detect associations between
environmental factors and the spatial distri-
bution ofdisease (12,14,15).
Specialized GISfunctions. Despite the
above mentioned limitations, GISs possess
many features that are particularly useful
in environmental epidemiologic research.
For example, for data display or map pro-
duction, most systems provide users with a
wide range of mapping options such as
colors, symbols, annotation, legends,
scales, and other cartographic features as
well as the ability to produce charts,
graphs, and tables. Other more specialized
functions include 1) automated address
matching (described in detail below), 2)
distance functions (calculation ofdistances
between geographic features), 3) buffer
analysis (calculation of a buffer area of a
desired width around a point, line, or
area), 4) spatial query (the ability to select
from a map layer geographic areas with
specific characteristics), and 5) polygon
overlayanalysis (the ability to topologically
overlay two or more GIS layers and create
a new layer by combining information
from the original map layers whose bound-
aries may not coincide) (Fig. 3).
It should be noted, however, that most
GISs have limited statistical capabilities.
Output from a GIS is often input into
other software for statistical analyses. After
the data are statistically modeled, they can
be input back into a GIS for display (8).
Epidemiologic Studies
Using a GIS
The following three examples illustrate the
use ofseveral specialized GIS functions for
environmental exposure assessment in pop-
ulation studies.
Lead exposure. Guthe et al. (16) used
existing computerized data to predict popu-
lations ofchildren at high risk oflead expo-
sure in the Newark/East Orange/Irvington
area ofNewJersey. They constructed maps
showing census tracts ofsuspected high lead
exposure by overlaying existing databases
containing sources of lead exposure (e.g.,
industrial emissions sources, hazardous
waste sites, and traffic volume). Then, they
visually compared the census tracts of sus-
pected high lead exposure with census tracts
of reported high lead exposure as deter-
mined through data obtained from blood
leadscreening records.
Data from a variety of sources were
integrated using Arc/Info GIS software
[Environmental Systems Research Institute
(ESRI), Inc., Redlands, CA]. Geographic
data included 1) census tract boundaries
from the U.S. Census Bureau TIGER/Line
files, enhanced with data from the ETAK
(ETAK, Inc., Menlo Park, CA) database,
which contains more accurate boundary
information; 2) the locations oflead sources
from industrial and hazardous waste sites in
the study area obtained from New Jersey
Department of Environmental Protection
and Energy (NJDEPE) databases; and 3)
data concerning vehicle traffic miles/road
classifications from the New Jersey
Department ofTransportation (NJDOT)
database and data concerning the locations
of roads from the ETAK files. Non-
geographic (attribute) data included
1) blood lead screening records from the
county health department together with
address, sex, date ofbirth, and date ofblood
sample, and 2) information concerning
populations probably exposed to lead
obtained through aspatial queryidentifying
census tracts with .620 structures built
before 1940 (which would be likely to have
lead paint) andwith .290 children under 5
years ofage.
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Good, but imperfect, correlations
between the census tracts suspected ofhigh
lead exposure (based on the data from the
existing databases of lead exposure sources
and the location of sensitive populations)
and the census tracts with reported high
lead levels (as determined by the blood lead
screening records) motivated investigators
to consider additional sources of informa-
tion to improve the prediction ofindividu-
als at high risk oflead exposure. Other pos-
sible predictors include lead in drinking
water, historic air emissions, soil lead levels,
distance of the census tract from a blood
screening center, and economic, education-
al, and cultural factors. Other factors that
may have resulted in discrepancies between
observed and expected blood lead levels
Figure 3. Diagram of five GIS functions. A) Automated address matching can pinpointthe location of a single address, such as 231 Elm Street, by comparing the
address to a street networkfile that contains information about street names and address numbers. B) Distance functions can be used to calculate the distance
from study participant residences (triangles) to sources of environmental contamination (crosses) after address matching both. C) Bufferfunctions can define a
geographic area of a desired width around a point, line, or area (for example a 25-m zone around main roadsto identify areaswith potentially high levels of lead -
contaminated soil from past use of leaded gasoline). D) Spatial query allows the userto selectfrom a database geographic regionswith specific characteristics
(e.g., census block group areas with >150 children underthe age of6). E) Polygon overlay can be used to create a new map layerfrom map layerswhose bound-
aries do not coincide. Forexample, one could identifythe population within a 1-mile radius of a hazardous waste site (assuming population data were available at
the subcensus level) eventhoughthe radius does not coincide with census boundaries.
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include errors in data entry and reporting of
patient addresses, aswell as the fact that blood
lead levels were only reported iftheyexceeded
the current health standard, which changed
many times during the study period (16).
Furthermore, since the industrial emissions
database was constructed in 1987 and thehaz-
ardous waste site database was constructed in
1989, it is possible that some sites were not
relevant exposure sources at the time the
blood samples were taken or that some sites
were created after the databases were con-
structed, and were therefore not included in
thestudy.
A strength of this study was the use of
bioassay data (actual blood lead levels) to vali-
date the prediction ofan environmental expo-
sure with information in existing databases
using GIS methods. Bioassay data are often
not available or are expensive and time con-
suming to collect. Ifpredictors ofhigh lead
exposure can be obtained from existing com-
puterized databases or data that can be easily
computerized, then predictive models can be
constructed in other areas to target high risk
individuals for exposure reduction and/or
treatment.
In fact, some riskfactors for lead exposure
can be obtained from the U.S. Census (e.g.,
residence in older housing, poverty, race/eth-
nicity) (17), allowing screening ofhigh risk
communities at the national level. More spe-
cific targeting ofhigh risk individuals can be
accomplishedwith theaddition ofthe residen-
tial locations ofchildren with high lead levels,
ifavailable, and data concerning the locations
ofotherlocallyrelevant environmental sources
ofexposure.
Electromagnetic field exposure.
Wartenberg et al. (18) developed a method to
identify and characterize populations ofsuffi-
cient size with potential for high exposure to
magnetic fields forepidemiologic cohort stud-
ies. They digitized into a GIS each transmis-
sion station along a 29-km segment ofa 230-
kV power line in NewJersey. UsingArc/Info
GIS software, they chose a 100-m buffer on
each side ofthe transmission line (correspond-
ing to afield exposure ofabout 0.2pl). They
used demographic data from the 1990 U.S.
Census and TIGER/Line files to map charac-
teristics of the 201 census blocks that were
contained wholly or partially within the
buffer. Comparison ofthe demographic char-
acteristics ofthe people in the buffer areawith
the people in the surrounding area revealed
that the individuals at risk for high exposure
were similar to those in the surrounding area,
thereby identifying populations suitable for a
cohort study assessing the health hazards asso-
ciatedwithelectromagneticfieldexposures.
Using buffers to identify exposed popula-
tions works best when a sufficient number of
individuals live dose to the source ofexposure
and when the characteristics of the people
within the bufferzone are relatively evenlydis-
persed geographically. However, in this study,
forexample, forone arbitrarilychosen 230-kV
line in New Jersey, the people in the buffer
zone who lived dosest to the power line were
more likely to be white, older than 18, and
have less expensive rents than the people in
the buffer zonewho lived further away. These
factors would have to be considered in the
analysis. It may be that for other power lines,
the people living closest to the power lines
were not different from those living further
away. It may also be that the composition of
the population within the buffer was affected
by the inclusion of all people from census
blocks that were contained partially as well as
entirely within the buffer. Other methods of
estimation or interpolation, such as prorating
the population by the percent ofblock group
area within the buffer, may have yielded a
slightlydifferentpopulation composition.
Environmental riskfacorsfor Lyme dis-
ease. Glass et al. (19) used a GIS to overlaysix
different land databases containing 53 envi-
ronmental variables in order to investigate res-
idential environmental risk factors for Lyme
disease in Baltimore County, Maryland. Lyme
disease is caused by the bacterium Borrelia
burgdorferi and transmitted to humans
through ticks. High riskareas forLymedisease
include woodland and forest-edge areas. GIS
methods were combined with case-control
methods to identify residents at high risk of
Lymedisease.
The six databases included land use/land
cover, forestdistribution, soils, elevation, geol-
ogy, and watersheds. Also entered into the
GIS were the addresses of48 cases of Lyme
disease that occurred between 1989 and 1990
and 495 randomly selected control addresses.
(Residencewas usedforthe Lymedisease cases
because 87% of those infected could identify
no other location for infection). The software
system used was IDRISI, a spatial analysis
software developed by Clark University
Graduate School of Geography (Worcester,
MA). Residential information for cases and
controls was combined with environmental
variables in a logistic regression model to
determine riskfactors forLymedisease.
A problem with this study and similar
studies is that manyvariables were included in
the model relative to the number of cases,
decreasing the stability of the model. Even
though manyvariables were considered in the
analysis, there could still be unmeasured con-
founders ofthe association between location
of residence and development of Lyme dis-
ease. For example, no individual level infor-
mation was reportedly obtained from cases
and controls with regard to age, sex, or recre-
ationalenviro.nents and activities.
A strength ofthe study is that it relied on
knowledge of the epidemiology of Lyme dis-
ease to identify potential environmental risk
factors (e.g., characteristics ofthe habitats of
ticks). Another strength is that it capitalized
on the existence ofcomputerized data for the
exposure measure but used individual level
data for the disease outcome, which permitted
individuallevelstatistical analyses. Usingexist-
ing exposure data also obviated the need to
collect expensive survey information concern-
ing tick locations, soil type, land use, etc. If
existing computerized data can be useful in
predicting Lyme disease cases, these predictors
may also be used in other areas, allowing the
implementation ofpreventive measures.
In all of the above examples, one could
question the accuracy, completeness, and
comparability ofthe databases that were com-
bined. A critical question is how current were
the databases with respect to the outcomes of
interest. These factors obviouslyaffect thepre-
dictive value of the GIS exposure models.
Despite their weaknesses, the above studies
represent innovative uses ofGIS technology
for exposure assessment in environmental
health research.
Address Geocoding Function
Address geocoding will be described in detail
as itis often anecessaryfirststep in integrating
epidemiologic and geographic data. In fact,
two of the three above-mentioned examples
included address geocoding. Many primary
and secondary datasets used in epidemiologic
studies contain addresses. Because other
geocodes contained in the datasets (e.g., coun-
ties or zip codes) may not be specific enough
forpurposesoftheresearch, residential address
geocoding is often used to pinpoint the loca-
tionofaresidence.
The U.S. Bureau of the Census
TIGER/Line files, which are defined and dis-
tributed bycounty, are the street network files
most often used for address geocoding. The
files contain geographic street and address
range data for the entire United States
(although rural areas are often incomplete), as
well as geographic coordinates forall U.S. cen-
sus units (e.g., block, tract). The smallest
address unitwithin the files is a streetsegment
(i.e., partofastreet, usuallybounded byinter-
sections oftwo or more streets) that is coded
with a street name and an address range, e.g.,
1100-1150. Even and odd addresses usually
lie on oppositesides ofthestreet. The location
ofany particular street address within a street
segment is then determined by matching the
street name in the address to the same street
name in the TIGER/Line files and interpolat-
ingwithin the number range. For reasons dis-
cussed below, this method ofaddress geocod-
ing, oraddress matching as it is oftencalled, is
only partially automatic, especially in rural
areas. The following example illustrates the
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benefits and problems ofaddress geocoding in
an epidemiologic study conducted in rural
North Carolina, as well as other potential uses
of a GIS in environmental epidemiologic
research.
Perspectives from aNorth Carolina
Study: Actual andPotential Uses
ofaGIS
The overall goal ofa study conducted by the
authors in rural North Carolina was to deter-
mine whether residents living near several
pesticide dump sites were more likely to have
evidence of immunosuppression than resi-
dents living firuther awayfrom the sites. AGIS
was used to identify the geographic coordi-
nates ofstudy participant residences through
address matching and to calculate the distance
from each residence to each dump site. Use of
a GIS could have facilitated other aspects of
the research methods aswell.
Selection ofstudy areas. To select bound-
aries for the exposed and comparison study
areas in the county in which the dump sites
were located, information concerning resi-
dences served by ground versus surface water
systems was requested from local water com-
panies. (Study participants were selected from
areas served by groundwater systems because
groundwater was a suspected route of expo-
sure.) Population data (e.g., racial composition
and mean income) were obtained by census
block group from the 1990 census. Potential
study areas, by block group, were labeled
manually on a wall-sized census map with
regard to demographic and socioeconomic
characteristics so these factors could be consid-
ered in theselection ofstudyareaboundaries.
Use of a GIS could have facilitated these
steps. Census data (demographic and socioe-
conomic) by block group could have been
selected and displayed on the computer pro-
viding various options for study area bound-
aries. Furthermore, an overlay, ifavailable, of
the areas served by ground versus surface
water, could have been used to confirm that
selected areaswere ongroundwater systems.
Identification ofeligible studypartici-
pants. In order to identify and contact resi-
dents in the study areas, a broker list was pur-
chased; this list contained the names, address-
es, and telephone numbers ofresidents living
in the selected blockgroups. The smallest area
available for purchase, however, was the zip
code. Zip code addresses did not have the
same boundaries as the selected block groups,
although three zip codes included all of the
selected areas. Therefore, each address had to
be verified more precisely using local maps
and a city directory to determine eligibility in
the study. Additional residents and updated
telephone numbers were identified with the
most recent telephone book. Public water
billing records were helpful in updating street
addresses, especially in towns without street
mail delivery because they listed both the post
office (P.O.) box number or rural route num-
ber as well as the street address. (P.O. box
numbers and rural route numbers are not use-
fulforaddress matching.)
Residents were asked to confirm their
physical street address and indicate the nearest
intersecting street during an initial telephone
interview.
AGIS couldhavebeen usedto match resi-
dential addresses against the TIGER/Line or
other address files to help identify the loca-
tions ofstreets relative to study area bound-
aries. Ofcourse, the GIS would nothave been
able to locate P.O. box addresses, but itwould
have reduced some of the time necessary to
identifyresidential locations.
Address geocoding. A random sample of
residents (who completed the initial telephone
interview) were asked to provide blood sam-
ples, which were analyzed for pesticide levels
and measures of immune competence (e.g.,
immunoglobulin levels). Residential address
matchingwasperformed tocompare individu-
als' serum pesticide levels with distance of
their residences from the dump sites. At the
time ofrecruitment into this partofthestudy,
participants were once again asked to provide
theirphysical streetaddress aswell as the near-
est intersecting street (even if a very small
street). Becauseoftherural natureofthestudy
areas, verbal responses regarding the physical
location ofresidences did not always provide
sufficient information to accurately locate
them. Therefore, since the participants had to
travel to a health care center to have their
blood drawn, they were asked at that time to
mark the location of their residence on a
county planning map (Scale 1 in = 2,000 ft)
on which research staffhad already encircled
theirnearestpairofintersecting streets.
A file containing participants' addresses
(street and number) was matched, using
Arc/Info, against data from the North
Carolina Department ofPublic Instruction's
Transportation Information Management
System (TIMS) files (which are used for
school bus routing and the assignment ofbus
stops) by a GIS analyst at the North Carolina
State Center for Health Statistics. The U.S.
TIGER/Line files could not be used because
they did not indude adequate address infor-
mation forthe streets in thecountycontaining
thestudyareas. The initialautomated address-
match rate using the TIMS files was 28%.
Another 30% were matched with accuracy to
the level of the intersecting streets. Maps
marked by the study participants allowed the
identification of the point locations of the
remaining residential addresses aswell as more
exact locations for the 30% previously digi-
tized by intersection. Geographic coordinates
for the dump sites were obtained from the
Agency for Toxic Substances and Disease
Registry.
The final GIS productfor this studywas a
database from which point locations for both
study participant residences and the dump
sites could be visually displayed and distances
between residences and the dump sites could
be calculated. In addition, other information
collected from the participants (e.g., demo-
graphic information, pesticide levels) could be
geographically displayed and analyzed with
respect to spatial patterns and distance from
the dump sites. To evaluate whether proximi-
tyto the dump siteswas associatedwith blood
pesticide levels, statistical models could be
constructed regressing distance on pesticide
levels controlling for potential confounders
and/or modifiers of the association such as
age, gender, race, length of residence, and
occupational or other exposures to pesticides.
Residential addresses could also be linked to a
growing number of existing computerized
geographic databases containing, for example,
groundwaterflowinformation.
Technical issues. The study described
above suggests potential uses of a GIS and
illustrates common problems with address
geocoding, especially in rural areas. The initial
automated address-match rateof28% was not
unusual for a rural area. Staffofthe Carolina
Population Center in North Carolina, who
havedone GIS address matchingfor anumber
ofprojects within the state, report a range of
automated address-match rates from a low of
approximately 20% in veryrural counties to a
high of approximately 98% in the largest
urbanized county (Philip H. Page, Carolina
Population Center, personal communication).
Factors hindering address matching
indude incomplete or inaccurate information
in the street network files (e.g. TIGER/Line
andTIMS) used for address matching, lackof
standardization of street addresses (e.g., E.
Main Streetvs. Main Street, East), and lackof
assignmentofnumerical streetaddresses, espe-
cially in rural areas. Steps that can be taken to
improve address-match rates indude 1) regu-
lar updating ofstreet network files to indude
newly added, changed, or renamed streets
(some commercial address geocoding service
providers enhance theirgeographic streetdata-
bases beyond those found in the original U.S.
TIGER/Linefiles andsell them to peoplewho
want to do their own address-matching); 2)
standardization of street addresses, although
specific standardization rules may vary from
one GIS to another; and 3) adoption ofcity-
style addresses in rural areas (fortunately, this
is happening in many areas, often due to the
establishment of 911 emergency systems in
whichphone numbers are linked to geograph-
icstreetaddresses).
Ethicalissues. Traditionally, theconfiden-
tiality ofhealth records used in mapping and
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spatial applications has been maintained by
aggregating data to geographic units (e.g.,
counties) that are large enough to eliminate
the risk ofdisdosing information at the indi-
vidual level. The advent of GIS technology
has allowed researchers to display the precise
location ofindividual residences. The presen-
tation ofresidential locations on maps may
violate confidentiality, especially ifthe study
area is small or if the number of events per
population is low. The challenge to the
researcher is to protect the confidentiality of
the individual while maintaining locational
integrityforspatial analyses.
Since address information is considered a
personal identifier, some agencies will not
release such data to researchers and some edit
the data for reasons ofconfidentiality. To pro-
tect information about individuals in small
geographic units, the U.S. Bureau of the
Census uses a technique called confidentiality
edit. Selected responses to questions among a
random sample ofhouseholds are switched
with responses from similar households in the
samestate.
While mainstream GIS software has not
yet developed procedures to protect confiden-
aality, some researchers have found their own
solutions. Some have releasedsmall-scale maps
or displayed only aggregate data, while others
have displaced points to conceal their true
locations. Thomas et al. (20) coded gonorrhea
cases only to their block group area identifier.
In their presentation ofthe data, they divided
all of the block groups into quartiles of
cases/population and shaded the block groups
from highest to lowest prevalence ofgonor-
rhea. Rushton et al. (21) used a random dis-
placement algorithm to reveal the pattern but
distort the actual location ofinfant deaths in
Des Moines, Iowa. This was accomplished by
usingthe random number generationcapabili-
ty of Microsoft Excel 5.0 (Microsoft,
Redmond, WA) and incorporating the ran-
dom numbers into a GIS to produce altered
latitude/longitude coordinates (Gerard
Rushton, personal communication). Clearly,
confidentiality is an issue thatneeds to be con-
sidered inthepresentation ofstudyresults.
Epidemiologic issues. With regard to the
use ofaddress geocoding for exposure assess-
ment, residential location or any one location
may not be the relevant site ofexposure. For
example, occupational location may be as
important or more important than residential
location. Therefore, one might need to code a
person to his/heroccupational location ortake
into consideration the amount of time the
personspends indifferent locations.
Furthermore, distance from a residence to
a source of contamination may not be syn-
onymous with exposure. For example, wind
direction or groundwater flow may influence
exposure levels. With GIS technology, one
can estimate exposures within a geographic
region two ways: 1) through spatial interpola-
tion ofmeasured data points, where the levels
ofexposure between measured data points are
estimated (for example, air pollution levels
estimated from levels measured at various
monitoring stations) or 2) through modeling
techniques. Assuming appropriate measured
data points exist, several spatial interpolation
techniques, available on most GISs, can be
used to estimate exposures across a region (3).
Ifmeasured datapoints do notexist, then one
can estimate exposure levels through the
modeling of information related to exposure
dispersion. For example, ifone were interest-
ed in estimating pesticide levels across a
region, one might want to include in the
model the locations ofthe crops onwhich the
pesticides are used, groundwater flow, soil
type, and leaching potential ofthe pesticides.
Models tend to have greater predictive value
when 1) the data used to create them are
accurate, 2) the conditions under which they
are used are relatively simple, and 3) the geo-
graphic area to which they apply is close to
thesource(s) ofexposure (3).
Hardware and Software
Requirements
Geographic information systems have been
developed for a variety ofcomputer environ-
ments from high-powered workstations to
low-end personal computers (PC).
Workstation GISs are usually Unix-based and
have larger data storage and processing capa-
bilities. Arc/Info is an example of a powerful
workstation GIS product; a PC version also
exists. Arc/Info has a several-year learning
curve and is mostly used by professionals as it
requires knowledge of geographic concepts
andspatial analysis techniques.
Among the recent developments in GIS
software there has been a transition from the
command line interface (CLI) software, such
as Arc/Info, to the more user-friendly PC-
based graphical user interface (GUI) software
(22. Several of these software products were
recently reviewed by Thrall et al. (23) and
include ArcView (ESRI), Maptitude (Caliper
Corporation, Newton, MA), MapInfo
(MapInfo Corp., Troy, NY), and AtlasGIS
(formerly, Strategic Mapping, Inc., now,
ESRI). These products have ashorter learning
curve than the CLI software and include
menu interfaces and tool bars that can be used
in a point and click environment. AU ofthese
products allow users to easily produce shaded
maps and provide users with a range ofdata
classification and map symbol options. They
also include basic GIS functions such as
address matching, spatial query, distance cal-
culations, and point in polygon analysis
(determining which polygon a specific point
falls in andassigningattributes from thatpoly-
gon to the point in question). Script languages
are available and provide opportunities for
greater customization of menus and applica-
tions. The spatial analysis capabilities ofthese
products vary, but in general they are not as
powerfil as the CLI products. Some, such as
ArcView, have add-on modules for enhanced
spatial analysis capabilities.
EpiMap (USD, Inc., Stone Mountain,
GA), a mapping software developed for IBM-
compatible microcomputers, is much more
limited in its capabilities than the products
previouslydescribed. It creates maps from pre-
determined geographic boundary files (e.g.,
county or a single state) and can incorporate
nongeographic datafrom Epilnfo (USD, Inc.)
a dBase file (Borland International, Inc.,
ScottsValley, CA), ordirectkeyboardentry.
Selection ofGIS software should be based
on the needs ofthe researcher and the capabil-
ities ofthe software. Some questions to con-
sider when selecting a GIS software product
include: Howeasy is the software to learn and
use? Is there good documentation and techni-
cal support? Is the company stable and what
are its longrangeplans forfuturedevelopment
ofthe product? Will the features ofthe soft-
ware meetthedemandsofthecurrentresearch
project? How about future projects? While
some GIS applications, such as county level
mappingofdisease rates with existingdatabas-
es, require littlespecial training, itis important
that all GIS users have some knowledge of
geographic concepts and principles of map
design. For complicated or customized analy-
sis ofspatialdata, consultation with a GIS spe-
cialist is recommended.
Economic considerations. Unless a GIS is
going to be used frequently and/or on a large
scale, the investment in time to become famil-
iar with the software and money for software
and equipment may be prohibitive. As point-
ed out in theexample in ruralNorth Carolina,
some GIS functions can be done manually.
However, in knowledgeable hands, a GIS can
significantly reduce the time necessary to
accomplish certain tasks (e.g., address match-
ing, and the calculation ofdistance from resi-
dences to a source ofexposure) and can open
up new and more complex avenues for the
displayand analysis ofexposure/disease associ-
ations. Collaboration with a GIS specialist or
hiring the services ofa commercial vendor to
perform some of the GIS functions, such as
address matching, may be more cost effective
than for the epidemiologist to invest time and
money in becoming proficient in the use of
GIS technology.
Conclusions and
Recommendations
GIS technology is a tool of great potential
for environmental health researchers. It can
be used to support or suggest hypotheses
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regarding disease causation through the con-
duct ofrelatively quick and inexpensive eco-
logic studies using existing databases and
easily computerized data. For example, vari-
ations in disease rates across geographic
regions and differences in disease rates with-
in and across regions over time can be
screened with GIS methods. Because a GIS
can easily manipulate large amounts ofdata,
it can facilitate analyses on the local, region-
al, or national level. Environmental expo-
sures that occur within noncontiguous
regions can be aggregated to enhance study
population sizes.
GIS technology can also be used to test
hypotheses regarding environmental risk fac-
tors for disease in individual level studies
(cross-sectional, case-control, and cohort
studies), which have advantages over ecologic
studies, especially with regard to their ability
to control forpotential confounders and mod-
ifiers ofexposure/disease associations. In these
studies, the outcome ordiseasedata (andoften
the confounder information) are obtained on
the individual level, while the GIS-derived
exposure information is more ecologic in
nature, often pertaining to a geographic
region. Data from multiple sources can be
integrated andmodeled to estimate exposures.
Finally, GIS technology can also be used
to simplify or expedite certain steps necessary
to conduct epidemiologic research. Examples
presented earlier indicate how a GIS can be
used to select geographic regions with specific
characteristics forinclusion in astudy, to iden-
tify geographically eligible study participants,
and to calculate residential proximity to expo-
sure sources through address geocoding.
The degree ofconfidence one has in the
results ofenvironmental epidemiologic inves-
tigations depends to a large extent on the
accuracy of the exposure information.
Concerns regarding GIS-derived exposure
assessments relate to 1) the aggregate/ecologic
nature ofthe data, which may not be relevant
at the individual level; 2) the quality of the
data that are input into the GIS (e.g., accuracy
and completeness), 3) the appropriateness of
combining multiple databases; and4) the rele-
vance ofthe map layers to the exposure/out-
come association of interest (e.g., timing of
the data collection). While GIS technology
may enhance epidemiologic research by mak-
ing some steps quicker, easier, and cheaper to
accomplish, it will not replace traditional epi-
demiologic methods andapproaches.
Collaboration and communication among
researchers from a variety of fields including
epidemiology, medical geography, environ-
mental sciences, and biostatistics are necessary
to realize the full potential ofGIS technology
in environmental health studies. Whereas epi-
demiologists are well-versed in study design
issues related to the collection and analysis of
data on individuals, medical geographers are
knowledgeable about the integration ofgroup
level data from many sources and are the
experts on spatial study design and analysis
(24,25). Environmental scientists are needed
to help determine the appropriate information
to include in GIS exposure estimation models,
and the expertise ofbiostatisticians is essential
to develop, perform, and interpret sophisticat-
ed spatial statistical analyses. For example, col-
laborative efforts proved beneficial in a multi-
disciplinary study of infant deaths in Des
Moines, Iowa (21). When a pediatrician sug-
gested mapping infant deaths by census tract,
the medical geographer noted that ignoring
predetermined political boundaries would
provide a better means ofrevealing the spatial
distribution ofinfant deaths in the city.
Measures to enhance communication
amongresearchers in different fields include 1)
publication of health studies incorporating
GIS technology injournals read byepidemiol-
ogists, environmental scientists, and biostatis-
ticians; 2) inclusion ofGIS as a subject head-
ing on MEDLINE; 3) attendance by environ-
mental health researchers atprofessional meet-
ings devoted to the discussion of the use of
GIS technology in health research; and4) allo-
cation ofresearch funds that encourage collab-
orative efforts among researchers from differ-
entfields.
The full potential of GIS technology in
health research is notyet known. Collaborative
efforts could lead to creative and practical
applications ofGIS technology to answer com-
plex environmental epidemiologic research
questions.
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